
Best Available Copy

UNCLASSIFIED

AD 403 936

DEFENSE DOCUMENTATION CENTER
FOH

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA. VIRINiA

UNCLASSIFIED

Best Available Copy



L:t'L'e n ALU L jX a ,_Lix, aILL
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation watsoever; and the fact that the Govern-
ment may have formilated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded 'by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



As 'rR-2-12 403 936
OPTIMIZATION OF LIFTING RE-ENTRY VEHICLES

,- , IIUR I IIANKEY, JR., Ph. I).

]E( 'IINI('AI. ID)(UMlNIARY REPORT NO. ASI)-TDR-62-1102

March 1963

DDC

X-2(;,,::-So,:r Eingincering Office MAY 1 7 1963
Acronautical Systems Division

Air Force System% Command

Wriht-lallcrson Air Force Base, Ohio

Neapon Systcah .,20A



NOTICES

wht' i (;overnment drawings, speclfications, or other data are used for any

uItrpst other than ir connection with a definitcly relaxed Government procure-
ntivnt operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
....-- r , "r in any way supplied the said drawings, aptciricatois,

or other data, is not to he regarded hy implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying

any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Armed
Services Technical Information Agency, (ASTIA), Arlington Hall Station,
Arlington 12, Virginia.

This report has been released to the Office of Technical Services, U.S.

Department of Commerce. Washington 25, D.C., in stock quantities for sale
to the general public.

Copies of this report should not be returned to the Aeronautical Systems

Division unless return is required by security considerations, contractual

obligations, or notice on a specific document.

B



IIll', is I Iti s lltf s , Ii 1t 1w v I , i ll-k %% hut '.[1 Itrsl i- fi' c .\ ;S

I I II L Ill.II It tI ill cf k,(h11(.11.Iit \tI* ul-vuI :,i v d"i~ \tti I ) i iti'fI l t uru flii\ SLkn~ IMt(-z

I t '-- ~ it'.: \t\.l ilt f111 IjhIk ! lit 1.t I:- I 1 ff - I )i Ii Itl(if~lIl i t ffIII'M c tffir St fillS

III, f, this-. C tlt. IV i IA A i'IIL1 . lt ' l'" 'IIiS (f m S

-- - - -l iIIl v R pl lI~% I~ "



\I ill 1' V

I,, i l Ill Ii .ra \'. l Ita l a a a1h11, .tcrofla\'aimtic lift is~ ti.-d dltiring r.--

I,! -~h r~ ~ , ii ,i) ih i *a precis c s it Cdli l)C sal~cclt ;1nd t il i
I I tl , . Ia?\ C.111 Ill a a VOjL'a . MNi x itull matI ivLt~ibli it i v tt ltV )
ta\~ ~~! h\' I:!, -~ mia Ia IIatalift t-ii-adru ratif) (L./0). In riti tita' the lift ing

ant. ' C !I Ill I l pa i ii.' a il a iti/c ltypersonic I,/I wiithin I lle Ifa. I,1' t

'aahiav. tm! I ahii. , l t i?,hllV. \ Itr kaioan surfauce, clipped delta 1,lantformi with
)t Iaa~ I a , tar 1 la ill:i, A t L illt 1a 1a (2.-1) nose and leatding cdv~c were

'I I ia I hwc .1a1.1\ li ilnuarr hvpari-sttic I /I ) for the prescribecd const rrini s. I 'leven

~ai'1111 aa~v'I i? hlt: a ia fait Wull~cleI and nUnicrical citlctilat jas of the(
I i aa'aI\ iar ~ b~t ial~ciic~ nd cotnfigurationatl geoiet rv wctrc ktcriiiinciI.

I K I \I 'ii a aaim1Lita llat k iif) tatalve thc I I constraint equat ionls thirotigi an iturit-
Lila 1w Ill 1 a4 jpa ?*t tril ti1C liaxjit izat ion process. O pt imumtt configliriut ond I

--mwriv At", -\ AliTcJi IalE titrce wing loatding a VC1hiiI we'ighits' of 10I,010 atnad

10ll) j at aat. ; .a tn d1aa ii higher I,/I valutes can bie itch leveal wih low aspect
aI'm\ \aiII ~~Aa tnd large -wale vehicles. The Co01i)ttitLe %-Ollh'try for one of

!L, %pi.il a alimumata is --haioawn as ain examiple.

1)1 11 Jil .(ATIO N R IV I -.W

I lii: tchtn ica la Jcumentatry report ha~, x ben i-.a vewed a na is aippri ved.

FOJR ill. IL( INI.\NI-l

F:. L.A.R
Chief, X-20 (lDvna -Soar) Enginueering Office
D~eputty for L~nginecribz



\S0 - 11 ;(-(w2- 1 W2'.

I M II I: ()I (*)N l

(I llNIi/ \ I IM ()I ('U(WPONI.NI'S .............

-c I ipcr lui it . . . . . . . . 12

I-i) N(Isv.1-11 I.Lading I.dgc . . . . . . . 1

4 l l It \*Il( )N 01(,' ll COMPSiIE U NFIGUR ATION . .... 23

4 - \ I t rfuticwt ion . 9 3

1-C Numr cl q io ns .u .(fl .-

-I) I Ippr Surface Des~ign ...............

.;-I 1 . i ngv ModuIlat ion. . . . . . . . . . .

(UNCL.IS ONS . . . . . . . . . . . . . . . . . . . ;

\pp)flnIi N I Tra jectory A\nalysis

.\ppcndLiX 11 I it Transfer .\na l- I ....... 4' ..... V

Appeflut Il IIIFlvpersonic .\CrOilKv ntoiC ChIii rIL Iillk .r .t -Cs - '

Appendix IV Stability A\nalysis . 71

Appendix V Low Speed \nalysis . . . . . . . . . . . . . . . . . .

List oif Referinces . t



I I I (iX -

1l-iiwr R1i)

1H) I1 /,I Pl inT I '!- ikI .\ .t .11)1 .'n. -1

I. l i li . . . . . 2

II ( ~ ~ ~ ~ . .pirm .~n~ .\c .'' .Jivn .1~u:, .ae. . . . . . . 4

12 \Maxriinu I ,itera I Wn c 'rs4 w I. I ).......... . 44

I oiip.i ri-ion uif the S-Tagno ion-l'nint licLitin~g Rate for \'ariohi

14 ' I'i'' lad ius for .\ I Imabhe Nosc Venmperal ore .. 90 .. S

I; 1 v'-ufc Crit ical einnera! Urc, I turi ng Glide Re- I.nt rv . . . .9

I V r i ,in i)f St!aznat ion 1)ressure C oetff ic lent xvit li Mak-li Number 5.5

I ' pp Iiii ihilit v ()f Newtonian Theory to He1m ispheres and I 1cmicy! inders. .96

I I w'-uf , Pressure C'oefficients .......... :7

1 1n1i '-iC Ciwiorrlat ion of Lower-Surface P'ressure Coefficienits . 58

20 Indtice I I-Ue:--wre Correlation of Bl1un, L~eading Edges . 6o)

21 1k e uparmOf ThC I-Imp irically Determined Laminar-Skin
riti in I atins............. ....... 62

22 1 lie (* Hop. ri s in ()f il.c I mipi rially Determined Turbulent-Skin
I rictiiin I'rj,,,,ion.,............................63

Ih (it enrI cConfiiunrat iin Geomery... .... .......... 64

V



A 'I)-1)R-"2-l 102
S -Y,\lIIhI;I ,

S V I )u(lCI I r 8i 1 I ni's

A Arc ift2
.\ , :' I fC.-

aP ,p l '.'ra r i , - --- _ilki Il" 't I) ,i

1 )pin ft

(C con; itn --t

C root chord ft

nmcan acrodynamic chord ft

C -- axial force coefficicnt.\ q S

C . --- side force coefficient

-N
N - normal force coefficient

C'. ; rolling moment coefficient

C pi',ching moment coefficient

C 1h yawing moment coefficient
11 qIsh

CI. I q lift coefficient

I)
C 1) - drag coefficienc

C - pre.;LJr, coefficient
P

I) drag lb

I function defined in Equation (35) or function defined
In l-qJatlon (72)

f function

(; function defined in Equation (54) --

V1
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1 LII" fll u illtilll \i t i * sl -flu 
2  

'Lc.

h iii h. 11w fl 2 '. .2

fthI fi h ' IuI.jlt

I ritc' rdl -

I ine.rt ial dvidic' in I. q ion 1224), Appendix IV .lu-ft 2

tinlit wm'IuIu in x dirt,'?iiin --

I unit in v dirv".iim -"

k liit Vctor In1 / ,ir'L't in)11

k Newtonian molifier, .I.qua ion (I76), Appendlx III --

I. lift lh

I , aclh numlbtr

n expnlnnt il E-Xluation (71) --

n surf.cc n(rmal

(.

im taper ratio = - or eXpfl- r-,
r

I' pres.sure lh/ft2

dynamn pre,4surc lh/ft2

licat Ing rate lV'r/(ft-Hec.)

I radius or range ft

It Ruvnidm numlyur

S reference planform areI ft2

viI



AsI)-TDIR-62- 1 102

.4 r hiit hft

ft 11)

iI khr ''CI4itVft /sec.

V k t i rctuldr velocity 25,1130 ft ,sec.

'AWeight 1 I)

ft

V ortho)gonalI coordiniate~ systemi int I'wiv ax- ft
ft

(reek

6. angle of attaick -tan-l I radians

a ngle oIf sideslip mi radian

specific hei.at rit ie) : 1.4
or fl ightr pat Ii.ngi* ratdia ns

incremtal~tt differvnt i

6 flow deflct ion .nglu radians~

C damping r~it i'

Itpitch angle radians

A sweep angle radia ns

'AI igrangiafl mult ipliler or
fin toe In angle (Figure 3) ra'dians

u dynamic vlhcol4ity IIsec. /ftL

vkinematic visc.,sity ft2 -see.
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>2 i~&~.~-IIiI I'LC VtV I o it 11 Iik-t s !''iI .1) tc los ile..tl achit.e di hv mleanfs of
wI Jk lik jl. I III c*iti rV MIAhi, fop' -'Lwh devices tirr stet.-p. and since tile associte4d

v-c ~ ~ ;,I itt *v-trrr'ii >ir * ttet --sink -Ir alliai iveL tlertiil-prievi ive systems have been
iilC. I I '.!V dki-i'lCtri.in are as- c iS.St iIVI w itht slee p re-en: ry angles, which necessitates

lIi \Lr-, ii! I*\ llLL-' III reI ,O~tr -1 imanne.d v'eli ICIc froml space. lThe durat ion of heating
it"Ic'2 W~ith !Ili , 11141,14 of cnm I , Itm~ ver, andl low valuies oin the ballist ic coefficient

aIre fIlL-(kiII rIt II :tntt the hma IKiad. \~Agin, heat -sink or atblat ion schemnes may

IIL kill' iic~.flv He pure dIrag re-cnt r%, imts repre~sented Iby lte NASA Miercury
-m ofers lilt. s implest and Mom ist efficiCent met hod of acieving manned re-entry from

sp.1cc.. Fhil rIL! kipsitk. dVSi~ledJ to possn~ess a low ballistic coefficient, protected efficiently
fr-iII ilt: heI't sever hat plse of ag few tm inotes durat ion by an ablative coating, enters with it
Ii I tmilI dolv~I ~ii in of abo iut 4 g's, wh ichis 5withIiin ma'~n's toleration l imnits. A\ soft landing
ove-r Wter is aIccompllished by deployning a drag chute after lte dynamic pressure subsides.
IlK Lindin.4 ite is rest ricted to lie in the orbital plant. since nom ability to rproduce lateral
range exists, and once time rt ro rovket is fired to initilae re-entry, no vernier control or
tlMduation of longitudinal range is nviilibkv. Selection (if landing sit#- is possible at the
,exp-.nse- of %%alling several orbits until [lhe earth rotates wititin the orbital plane. TIhe addi-
tional propulsive \%eight required tom produe sufficient transverve impulse, which provides
a large rotation of thle orbital plane, is impractical with present day rocketry. In short,
thle drag mode. provides filr n safe re-entry %%itli little choice of precise site selection.

sin.c thie utse of aero lInam ic drilg has Ititnod to he at much more *tfficient mecans of
deceeratin , re-ent ry vehicles than propulsion, thle invest igat ion ot thle use of aerodynamic
,:ftk it) achi ive late-ral maneuverabi Ii: v fi .1lows naturally. I ift in-r re-ent ry configurations
tIso offer thle prmtent lal of p~roviding horiz~ontalI landing, which would furnish better opera -
ional Cakpallilitv becauSe large recovery task forces and thle perils of parachute landings

in water would hxe eliminated. I ift ing configurat ions are more complex because of the
addklitionmal flight -ci mr l s vst em * vatria ble sitabhilityv, higher required performince, and
lo nger flight durit ion in the,. sensilek :it!n''phere. The duration of the lifting re-entry
bevating pulse in meastire Al hai>. ;metvad of minutes as in the drag modle; therefore,
ablat ion iechnirlues are impract lea I. Instead, the radiatior c~llng: concept i.s used. The
surfave is perotitivid tom reach a suffiviently ih tenmperature so that thle radiation heait
ufflu\ balancces the convective heat influx and an energy equilibrium occurs. The resulting
igh tempermu res; require heavy outer panels to protect the interior structure. Thuis.

the lifting ri.--miit ry vehicle incurs a greater weight penalty' than thle drag capsule but
achieves thle gtrevatr performance of( lateral tmaneuverahility, range modulation, and
horizontal la nding' . In short, for missions requiring lateral maneuverability and precise
site -;elect ion ais well as horizontal landing, thle lifting niotIe i., desirable.

Manutscript re leased h%, auithor on :31 IOecember 14I62 for putblication as an \SI) Technical

menutlnarvRpr



w ~vI ~v~idit tir 111 lift in duiv th iia-ciir atkdvxlvyner Is forced to
b1~tt~h.'ulil .:iiriur~t 1111 Uk il*it. t I II iflVL-Slilat In I.- III jvirftirm the optinhimI-

~II Of lift it) IrL-k.n:1 ryxini c~.iku~ ~~t clV*ll~jl~ix;-rforiianke for the 11ininmum

kI"W M ~ c lk.11 1V IIIc dvig i f tha. vii I i X * mc .. t fl rther d*telini dtc Ov dsign

I \cic~ ii't:;~fu ltIIflflMj I'1c-I.!! fromru: ci :culzir sI)Lc.

2. t~d Idti.. itlvi-im ivrllt -at longit udinit I rnge miuflaltinn

P.Irwidtc SMi is.f~tiotrv land in. chmiacrist ics

I 1*C- I icI II,:c vch ic I fro thvia i c cr dynitin ic hear ing

iic l'vehile with ai'qaatric siiilit it) produce smtis4actory handiling

ics.
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UM)SIH .\INTS

W ih thle establ ishmenti(if the object ives and irequi remtent s. t he formiulatiton of the
probilemL antd IIco nvers io n ift he phyivcal s it uai I nto ( the mat hemnati l rot ow. Trhe
Objet iVC vLslated in thItr tirdctio wili ho e sepa rately converted into definite
inait hiIiat itca I expressio ns.

1. A\chieve sici'ssftil matned re-entry from eircul~ir speeds

Circular speed is 25,t)30 feet per second. For lifting re-entry, the
folHiw iflt VtiLlil ibrit glide~ expression applies (E~quation 136, AppendIx 1);

I_ P2 W I 1 ()
pV SCL VC

A subtle implicat ion in this statement is that man and vehicle hive been
inserted into a near-earth circular orbit by iln existing or programmed
booster. Since tocket lv~oiters are inef'ficient propulsion devices (aipproxl-
mately 1(M( pounds of propulsion is requi red to place I pound Into orbit)
and permit smnall limited pay.iloads, the re-entry vehicle is weight-
limited. I lene, the specified weight of rhe re-entry vehicle Is constrained.
Therefore.

W = fxed values- 2

2. Provide large maneuverability and longitudinal range mnodulation

As pointed out in Appiendix 1, maximum lateral and longitudinal range may be
achieved by optimizing; the hypersonic L/i) (lift-to-drag ratio) of the re-entry
spacecraft. Thus, the hypersonic 1. /D should be iaxImIzed within the specified
constraints. The hypersonic aerodynamic characteristics for at generalized
configuration are expressed in E~quations (l'x)) through (216). Appendix Ill.

3. Provide satisfactory landing chatracterist Ics

For a succcssftil landing, rhe sinking speed, horizontal velocity, and attitude
must be lImlied to rea:;onzably low values a't touchdown. Appendix V shows these
mini mum acceptable subsonic vehicle characteristics, which permit a sat lsfactor\
landing to be e'xpressed ais follows:

W -50 pounds per square foot (3)
38a

4. Protect the vehicle fromi aertidynanilc heating

The most efficient aed practical technique for protecting a gilde vehicle firom
aerodynamic heatlag is the radiation cooling concept d-scribied In Appendix 11.
The vehicle must he constructed amd flown so as not to exceed the 41llowable
material temperatures by means; of unacceptable attiulttc perrarmiance. or
geometry. Thus, the maximumn vehicle temperature Is ilitcu. Four critical

3
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locations affecting geometry will be specified and may be computed from
I'quations (155), (161)), (170), and (172) of Appendix I1. Thus, nose, wing and fin
leading edges,, and lower surface maximum temperature are constrained. 'rilere-
fore,

TN = fixed value (4)

TLE z fixed value (5)

TFLE = fixed value (6)

TLS - fixed value. (7)

5. Provide the vehicle with adequate stabliity to produce satisfactory handling
qua lit ies

Pilot-rated simulator studies have indicated that the most desirable handling
qualities are obtained when the short-period mode of the rigid body has a
frequency of 0.7 cycle per second and a damping ratio of 0.7 (Appendix IV).

In hypersonic flight negligible aerodynamic damping occurs, which necessitates
changing the handling quality criteria. rherefore, very low frequencies are

required for the pilot to damp-out quickly oscillations by "out of phase" control
modulation. Zero frequency may be obtained by imposing neutral aerodynamic
stability or

C.2 0 ()

Cm 0 (9)

a

Co 0 (10)

as \I approacnes infinity.

Appendix V shows that a fin size of It) percent of the reference planform area
is required to provide satisfactory subsonic directional stability. Hence,

SF (11)

S

The problem becomes one of optimizing the geometry of the vehicle to maximize

the hypersonic LI./D when the specified 11 constraint equations are used. A

solution will be obtained in the following sections by first determining the

component geometry that maximizes hypersonic L/) and then combining these
components into a composite configuration and optimizing the complete geometry

to satisfy the 11 constraint equations.

4
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SI,:CTION 3

() ''lIMI/A'ITI()N () COMIl'ONINTS

Sin,'e an opt l11 iiiation of the velhicle as proposed is so complex, we shall pursue the
problem by analyzing configurat ion components to determine maximum performance, then
by combining the pieces, and by checking for compatibility.

We shall aIttempt to maxim ize hypersonic performance characteristics within the
constraints previously outlined in the following order:

1. L.ower surface

'2. l'lanform

3. Vertical fin

4. Nose and leading edge geometry.

With this accomplished, the entire composite configuration will be optimized later in
Section 4.

3-\. 1.owcr Surface

the objective of this section is to determine the shape of the exposed lower surface to
produce die maximum hypersonic L/). A coordinate system is established in the con-
ventional wind axes system (Figure 1).

To assist us in providing directional stability, we establish a plane of symmetry. The
plane that contains the x and z axes is chosen as the plane of symmetry for which a
mirror image relationship exists between surfaces on alternate sides of the x-z plane.

The equation for a surface is

z - f (x,y) 0 (12)

The equation for tile outward normal to the surface is

7 (Z -f)nfl (13)

- vI (z -i)1

Expansion of Equation (13) produces the following relationship:

dz az- 7y- -_ T - + k
X 2

n+ ( 1 (14)

ax a),
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k z

Figure 1, Generalized Surface in Wind Axes Coordinate System

The elemental area is expressed as follows-.

dA = I+ +. -L) dx dy (5

A\s indicated in Appvndix ill, only inc continuum regime requires investigation so that
modified Newtonian flo'', may be used in ascertaining the pressure on the surface in
hypersonic flight as ikresented by the following equation!

CP= cost 9 (16)

where e is the angle between the surface normal and the velocity vector, or

nV o (17)

Therefore, by use of Equation (14) and since

6
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then Equaltion (17) becomes

cos 2 19 (19)

The lilt a.nd drag are determined in the following usual manner:

L r:fC (.k)dA (20)
A

When Equations (14). (15), (16), and (I9) are used,

=q f d(21)
A I , + ( a )

and

D =qff C, (. i)dA ; (22)

A

similarly

k ) dx dy
0: JJ 2 a 2(23)A +( '" )' +("

The surface z(xy) that maximizcs L/D will be determined by using the calculus ot
variations.

1I) is maximized by using a Lagranglan muliplier and maximizing the lift for a

fixed drag.

T = L 4- X D (24)

or rewriting

r, q ff F dx dy : extremOl (25)
A

where

k -LI (1- X, 6
F . (26)

",+ (+ ,)2

and q constant for given flight conditions.
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Eler's equation for a double Integral Is as folhws (Reference 1):

F + FZ :Fz (27)Fax a- Y F

with boundary conditions for free ends

dx y

Since

F = F (z x, . y (29)

then

FZ : 0 (30)

Thus an obvious particular solution of IEquations (27) and (30) is that

FZ = C, k31)

hence, from Equation (27)

FZ y = C2  (32)

From the boundary condition, Equation (28),

C dy.. C2 on A boundary. (33)dx

Since dx is arbitrary and not necessarily constant, the C1 and C2 must be identically

zero. Proceeding with the solution by expanding Equation (32) gives

F 2 k2 (I X z )I- C2 = 0. (34)

Five possible solutions satisfy t,.e Equation (34)

zx = 0 , L OD

0 , .

However, F = 0, which corresponds to a minimum, for all values except for Zy = 0.

Since Fz = C1 = 0 (Equation 31) and Zy = 0, then by Integration of Equation (31) which

Is now a total differential equation

8
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k z X 2 XI zx
F -Ca 2 (35)

1+ 0x

I"quation (35) is a cubic equation in zx with constant coefficients. Thus,

zX = C4  (36)

and since z (,

z = C4 X +C (37)

I herefore, the surface that produces a relative maximum hypersonic L/D is a plane
parallel to the y-axis at an attitude of ot such that C 4 = -tan ey.

This particular solution remains to be proved as the one desired. The solution was
obtained hy inspection of Equa ion (27), i.e., F z = C 1, Equation (31). It followed that

x
zy = 0 for this situation. Therefore, a maximum extremal for the following equation was

obtained:

£okz (I - X1 zX I dx dy (38)

A I-+ rx

The more general equation for which a solution is desired is the following

2kz i-X, zX ) dx dy
, °2ff (39)

A t+ Zx + zy

But zy is real in the physical problem; therefore, ,2 > 0. Since z appears in the

denominator of Equation (39). it is apparent that

r, < 10 for ry 0 (40)

and

11 = To for Zy 0. (41)

Therefore since the maximum value of II is desired, and the solution of 1o produces

the maximum extremal of 1 , the solution obtained by inspection (Fzx = C 1 , Equation 31)

is the desired solution.

9
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By uising the resuolts of the optimiz~ed surfact. (i.e. flat bottom surface), we shall
optimiz~e the plhnfonu geometry. Because of the heating constraint, the edges of the
lplanforin motst possess at finite radius to maint. in specified nosc and leading edge
allowable renperatotres (see Equations 169 and 170 of Appendix 11). These radii should
be as smrall as the heating constraint permits to produce minimum drag. The expression
for the nose and leading edge aerodynamic coefficients (from Appendix 111)~ Is as follows:

Ck ir RN 2  8 k C d R 2A x(2C0  + J-~--,.) LE cosAdx(20 2S 3

and

ZL 0

The . -. triburion to the total lift coefficient is negligible for the situation in which the
nose and leading edge areas are small as compared to the total planform area. Since the
nose andl leading edges are temperature-limited (see constraint E~quations 4 and 5),

RLE R0 Cos A (43)

where I = constant for specified flight conditions and temperature limit. From the

pinform geometry

Cos 2  
coA y) for large A values (44)

1+ cotl2 A \dxi

Thus when Equations (42), (43), and (44) are combined,

C It 7r RN 2 + 8k R0  d. (45)D, 2S 3S f

where

S =2 fcy dx (46)
0

The L/D of the configuration can be maximized by minimizing C D for prescribed
0

planform surface area, S, ard fixed nose and leading edge temperature. The integral,
which inust be rendered an extrevial, is as follows:

12 C0 + 2 G di (47)

where fromt Equations (45) and (46)

G (.Ay) + Xf Y. (48)

d1i
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The end conditions th.t pertain are as follows:

at the nose,

fixed end
y=0 1

at the Trailing edge,

x= 0

6G free end.
ay'

l-uler's equation for G = G(x.vv') is
d (49)d" y G1

or when Equation (48) is used,

d ISY4) (50)

Integrating with respect to x and using the free-end boundary condition (Gy', = 0 at x =0)
gives

" " 0.2 X x ) (51)
dx 2

Integrating again with respect to x and using the fixed-end boundary condition (y 0,
x = c) produces the following:

Z SS -[ _.
y -±-S (0.2X ) _-( X)

4  (52)
0. 2 J

X2 may now be determined from the condition that S must be constant when Equation (46)

is integrated. Thus the planform for minimum C is
0

5
Y = 0.9s [ 1 , 1L") 1 (53)

y I- (-a- i

Ilowever, y =-b- at x = 0 and S IHence,
1.8

S

(,- -v(54)
Thus, for fixed area and a constant-temperature leading edge, the minimum drag

planform is a 5/4 power curve. The resulting configuration is not extremely practical
from a fabrication standpoint since both a variable leading-edge radius and variable
sweep are Involved. In addition, the combination of fin and wing together at angle of
attack must be considered. Because of the Incompleteness of this analysis, the 5/4
power curve should be used only as a guide to enable the optimization of the composite

!1
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configuration. For example, a simple delta may he used to approximate the 5/4 power
curve and does not requle variable leading-edge radii or sweep (note Figure 2).

0.6

FIXED AREA (S)
FIXED TEMPERATURE (TLE)

0 0.2 0.4 0.6 0.6 1.0
I

Figure 2. Geometry of Minimum Drag Planform

3-C. Taper Ratio

When the stability constraint is imposed, it becomes apparent the profile area aft of the
center of gravity (c.g.) is required to provide directional stability at all speeds. Conven-
tionally, vertical fins in the most aft position have been used ,o provide this stability. A ven-
tral fin would most efficiently provide the desired stability; however, the heating is so severe
that the dorsal position is the only presently acceptable location. Dorsals also provide
lower drag than a ventral (for the same material-temperature limit) because of the greater
effective sweep when operating at angle of attack greater than zero. Since the upper sur-
face is shielded hypersonically, two dorsal fins located outboard in the most aft position
are required. As previously shown, the planform of fixed area, temperature, and chord
that presents the minimum leading edge drag is close to a delta shape (Figure 2). For this
reason the vertical fin will be configured in this optimum delta shape. Thus the optimum
configuration possesses a flat bottom (Section 3-A). a delta shaped planform (Section 3-B),
and two delta dorsal vertical outboard fins. The vertical fins can be attached effectively.
however, by clipping the planform delta as shown in Figure 3. Note the root chord of
length c, taper ratio m, wing sweep A, and fin leading edge sweep AF . This geometry will

be optimized for maximum L/D, by imposing the constraints established in Section 2.

12
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enc

F4cq /

PLAN FORM

KhAF

cq

Figure 3. Geometry Model for Oilmizing Tapcr Ratio

13
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'he axial force coefficient of all cvmponencs for the described configuration is as
follows (see Appendix 1l):

Stk RN 2  ) k RLb
CA Z rR +cos a + - (co- Ae + cos A cos a

SS S

+ 2k cos 2 a + 8 RFh" cos 2 (AF + a)
S 3S

V8 , , oo,10 .,00 , sioo nao Cog. o I -rn'.5
. ... -. ( tm (55)

Fron. the heating equations of Appendix II

W 8.025RN = j ( ) (56)S L  4 N

R. 675 (57)
RLE SCL ( "7 0 (57)

where

CO Ae = I-sin2Acos2 a for wing leading edge

costA = cos ( AF + a ) for fin leading edge

The critical design point for heating is

V = --21,170 feet per second (Appendix 11).

When the equilibrium glide equation (Appendix I) Is used, the Reynolds number may be
ascertained.

V C 2W (8)

S CL t .V. Vic

At critical heating and for p. ft3 x 10- 7 lb-scc./ft2

V C 105 W c(59)
% S CL

From the geometry of Figure 3, the following quantities may be obtained (for small X

values):

+ r (60)

14
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h ( I+ mm SFP61
b m S (1

and

cot A A4 (-+m-)(2

Cot AF 2 S~ (1n)2(3

Sk:;, It Ut ion of Eq(uat ions (56), (57), (59), (60), and (61) into Equation (55) results in the

(I~~~ c) ) W ( 8.025 )CA 8w CL 24N

+kb W~(~~ ) 2csA~o A+oAc
-,W CL LE7 CS

4 LE I A (co A,+ Cs A os )2(64)

+8SF (+ Hr) 'C'( AF +- a )]+ 2k SF- V 2oz

8 w b CL 0.5 22 m)5 (I-rn
+ - -i- (21W (0 45 Cos a+ 9.84 sina cosi a) (I-rn)

When Equation (64) is written in functional form with the aid of Eiquations (62) and (63).

CA Z CA (W,- W , -a)
NOSE

w S
LE

+- CA (-S , F
FIN

+ C1  S bWaWn

S b, W a ,
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IloweVer, from the con.traints imposed as given in Section 2

ConS troint equation

W constant (2)

0O.5
b W constant (3)

4N constant (4)

4LE constant (5,6)

LS :2.26 ( constant

S S
SF 0.1. (I

S
For --2, = and X detcrmined from constraint Equation (9) then Equation (65)

Sop
hecomes C,= C A(m). To maximize L/D, one should optimize the taper ratio (m) to

minimize C . Only the second and fourth terms (leading edge and skin friction terms) of

I'quations (64) and (65) depend upon m. However, the skin friction expression depends
only mildly upon m as follows:

m(l+m)o~g I-m.0. -M 1.

0 1.000
0. 2 1. 039

0.4 I. 052
0.6 1.058
0.8 1.060

1.0 1.061

Therefore for constants W, b, and a, the laminar skin friction coefficient is virtually
independent of taper ratio (only 13 percent variation). Hence the optimum taper ratio
must be determined from the condition for minimum leading edge drag.

The leading edge drag component of Equation (64) may be written as

) CLE Cos 2A, (cos A, + o A a

6SF + m Cos4 (AF +a (66)

16
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where

RO : W 5. 675 _ (67)
SL 4ILE

When the geometric relationships (Equations 62 and 63) are used,Equation (66) may be
SF

solved for various values of m, = 0.1. and for fixed values of A and o. In the region

of interest (0.5 < ak 2 and 100 < a < 250), numerical calculations show that a taper ratio
between 0.30 and 0.35 produces minimum total leading edge drag (Figure 4). Therefore.
an average value of 0.32 for optimum taper ratio was selected. Since the c.g. must be
located near the area centroid of the lower surface (about 0.35 r from the trailing edge)
to satisfy the pitch stability constraint (Equation 9). the uptimum taper ratio of 0.32
advantageously places the entire vertical fin aft of the c.g.

.. the configurations to he investigated herein, a taper ratio of 0.32 was adopted.
SF

Ilowever, note that for values of , O-k , and a, which are much different than those

stated above, sizable differences in optimum taper ratio values will result.

3-D. Nose and Leading Edge

The flight corridor of re-entry vehicles is limited by its ability to absorb or reject
the re-entry heat load. The heat pulse applied to a ballistic vehicle during re-entry is
of such short duration that cooling by ablation allows the vehicle to survive. Because of
long re-entry times, however, the only presently practical way to cool lifting vehicles
is by radiating their heat loads to space. The long re-entry time and small heat capacity
of a lifting vehicle's skin results in equilibrium between heat convected to and heat
radiated away from the surface.

The objective of this section is to determine the detailed shape of the nose and leading
edge that will minimize the peak temperature. When the peak temperature is miimized,
smaller radii configurations may be employed, which result in lower total drag.

As shown in Appendix II, the highest heating occurs at the stagnation region in laminar
flow at a velocity of 21,!70 feet per second during glide re-entry. Consider the total
heating rate into a surface in radiation equilibrium flying at this peak heating point

6 = f d =e fTdA (68)

where constant emissivity has been assumed. An average temperature may be defined
as follows:

T4g f dA =f T dA (69)

or

Ij (-- dA = 1 (70)
A

17
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FIXED LEADING EDGE TEMPERA'0URE

SF
S 0.1IS

Ak 1.5
20

-vD;E ( S )2
R k

A, = =0. 5

0 __
a = I0

°

0
0.2 0.3 0.4

TAPER RATIO (m)

Figure 4. Wing and Fin Leading-Edge Dirag Ver~uq Taper Ratio

if a region of A exists for which T < Tavg, Equation (3) shows that another region must
exist for which T > T avg. Thus, the surface characterized by A, Q, and c, which has a

constant surface temperature T a Tavg, has the minimum peak temperature of all

surfaces characterized by A, Q. and c. Since q is related monotonically to T, a constant
T - Tavg implies a constant q % lvg- Therefore, for a surface characterized by A, Q.
and r, which is maintaining thermal equilibrium by radiation, the minimum peak tempera-

ture will occur when the local heating rat on A is a constant C T 4 . Thus, the prob-avg" hs h rb

lem of finding the optimum nose and leading edge geometry is reduced to that of finding
a surface of constant heating rate.
18
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Lees (Reference 2) describes the laminar convective heat-transfer rate near the
stagnation point of a blunt body in hypersonic flight by

F F(S) (71)

S(dV& )l
V, ds

where

P 8 V8 n

F(s) P WS V. (72)
w 8 va ]TI

[2 f~o P -$ V ds]

where n = 0 for a planar body (leading edge) and n = 1 for a body of revolution (nose).

The static pressure ratio will be represented by the Newtonian flow approximation

P co 2 0 (73)
PS

with 6 as the angle between the surface normal and the v-!oeity vector. Measurements by
M. 0. Creager (Reference 3) and others show that the total pressure is nearly constant
along invisciu tALiamiii iC. ;cz"ab u-'' .-ontour. When this is assumed, the
local velocity at the outer edge of the boundary layer may be related to the local pressure
by the following isentropic relationship:

V8 ,- (-)Y 74)
Vi V." P

For hypersonic velocities:

2 h (75)

V
2

Substituting Equations (73) and (75) in Equation (74) gives

V8  C os 2 (76)
Vj

where

032

19
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The velocity gradient may now be determined

7- v0 C cot,202 too e d- (77)

The value of the velocity gradient at the stagnation point is required for Lees' heating
rate equation.

dV3 r ,3o tan 6 10_0 (78)
d. ), [. (,-. co,2/32e)t '-o

where

ds R. (79)

d8

When Equations (72), (73), (76), and (78) are used in Equation (71), the hearing rate
distribution may be obtained for an arbitrary body. Following Lees (Reference 2), the

asbumption is made that = 1 in hypersonic flight.
W

c,,'-ii- (, ,a'  (80)
_s, 2 R, cost e, - o 0 & R

Wagner, Pine, and Henderson (Reference 4) have shown experimentally that Lees'
equation holds well for a series of blunt-nosed bodies with noncircular cross-sections.

Since R s appears only as a scaling factor in Equation (80), it may be assumed unity

without T Xss of generality, The heating rate ratio of Equation (80) must be unity to
produce ., constant heating rate over the surface.

Defining

g Cos" 6 2 e 2$ (81)

gives the equation for a constant heating rate surface (aflter squaring)

#82n +JI sy g( ) ds x gr(8 Y" (82)

0

Dlfferentiaticr produces

dg dO , ng dyd9 : p 2
n  

(83)
dG ds y ds

20
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Thus

dq

ds d Q (84)
dj / 2n - ng"-7 coa 0

The geometric relationships of x, y. s, 0 are as follows:

d 0 d (85)
d8 de

dy _ C ds (86)
dO - ~ dO

or .:ar substitution of Equation (81) into Equation (84)

ginO cosO [ (2+132) C 2/3 0 -2sin 0,co o'o )
- " (87)

By simultaneous integration of Equations (85). (86), and (87) with the initial boundary

conditions that x = 0 and y - 0 at e - 0, numerical soludons were obtained for two and three
dimensional cases (n = 0 and 1, respectively) and for -y of 1.4. Numerical results are
tabulated in Table 1.

In Table 1. note the small percentage difference between the optimum geonietry for
two and three dimensional surfaces. The heating rate distribution on the optimum surfaces
are within 3 percent of the distribution for a 2:1 ellipse (minor axis parallel to the velocity
vector). Therefore, for simplification, the nose and leading edge optimum geometry will
be constructed as a 2:1 ellipse. From Table 1, also nctc that beyond a slope of 360 the
radius of curvature becomes negative (a cusp occurs) and the optimum surface can no
longer be maintained. It can be shown from Equation (80) that attaching the optimum
surface to the remainder of the vehicle with a smooth curve of positive radius of
curvature will insure that at no point will the stagnation region temperature be exceeded.

21
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TABLEI

CONSTANi TEMPERATURE SURFACE GEOMETRY

1. 4 , /30.55452

(DEGREES) y I F ds x y I di

0 0 0 1,00000 0 0 1.00000
2 .60794 -3 34779-1 .99659 .60795-3 .34854-1 .99608

4 .24182-2 .69342-1 .98570 .24169-2 .69393-1 .98438
6 .53893-2 10332 .97031 .53820-2 .10331 .96502
8 .945272 .13644 .94631 .94298-2 .13630 .93817

10 .14514- , .16842 .91552 .14459-1 .16807 .90413

12 .20456-1 .19900 .87820 .20345-1 .19837 .86325
14 .77137-1 .22796 .85464 .26936-1 .22695 .81593
16 .34397-' .25508 .78520 .340661 .25358 .76269

is .42058-1 .28015 .73028 .41549 - .27807 .70409

20 .49930 ' .30303 .67032 .4918ft' .30028 .64075
22 .57808-1 .32358 .60583 .56779-1 .32007 .57339

24 .65484'1 .34168 .53733 .64114-1 .33737 .50274
26 .72744-1 .35726 .46538 .70987"1 .35213 .42963

28 .1/9374'- .37029 .39059 .77198- .3'4413 .35489
30 .85 165- - .38076 .3 1358 I.52558' .37402 .27942
32 .89914-1 .38868 .23500 .86897-1 .38126 .20413

34 .93431-' .39411 .15552 .90064'1 .38615 .12995

36 .95541-1 .39713 .758 14-' .91933-1 .38883 .57800"

37.719 .92429' .38950 -. 1880f,
'8 .96085 '.39787 -. 12637'

22
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S1-ECTION 4

OIPTIMIZATFION OF COMPOSIr'E CONFIGURATION

4-A. Introduction

In the preceding Section 3, we showed that the maximum hypersonic L/D may be
)chieved by a vehicle with the following characteristics:

1. Flat bottom surface

2. Clipped delta planform with a 0.32 taper ratio

3. Outboard dorsal delta fins

4. l-lliptical (2:1) nose and leading edges

In this section the composite configuration will be optimized for maximum hypersonic
L/I), which satisfies the 11 constraint conditions delineated in Section 2.

These constraint equations are summarized as follows:

2 W i V 2

SiCL ( , - -- ) (88)

W = fixed value (89)

W 50 pounds per square foot (90)

TN fixed value (91)
TLE fixed value (92)

TFLE fixed value (93)

TLS fixed value (94)

C O 0 (95)

cma 0 (96)

Cn 0 0 (97)

SF 0. 1 (98)
S

The available equations from which a solution may be attempted will now be reviewed.
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.1-I1. A vailable I':quat ions

In Appendix 11, the temperature lquations (155). (169). (170). and (172) were derived.
They are , uimarized here in functional form:

TN f (-,- , CL , RN ) (99)

"LE S ,L ,LE ,A, a) (100)

TFL E  = f MS - , CL  ,RF  A AF , (101)

TLS W (102)

Thc hypersonic aerodynamic equations are compiled in Appendix III, Equations (190)
thrnl-.,h (216).

[CA , CN ,Cm, Cy13 , C113 , C-0 *)

f IRN - RLE, RF "N "LE, XL, XF ,FLE YLIE' YF ZN ZLE I ZL I ZF - zFLE P

"LE ' -IF - SF -SL sw X , A , AF , S, b , c c , 1 , * , ] (103)

The aerodynamic characteristics as shown are a function of 30 variables, and since

only II cnnrralnt cquaiono Arv avalllhip, )lbvluly 1dllrlonal auxlllnry r@latlonflllpm
t' r'ulie'd, Ieoi' Ii gu(i~lt ry h1lwn III lVlguNe :, It, ollwIng gwolt1irle C lilt itlNhJIl
may he obtalned:

c S [(I mt) cot A + m Ian X (104)

b 2c [(I -m I cog A +m tornk (105)

cotA (106)
cot AF  Mg 2s ]O

2 (107)
3

SW 2S (108)

SL  S - 2.9LE RLE (109)

LEb 2cs (110)LE 2 cos A

s.n AF (111)
4 AF

24



ASI)-I'IDR -62-1 102
b-R

YLE - LE (112)

b (113)YF = 2

ZN = - RN (114)

ZLE Zcg - RLE (115)

ZL zc9 (116)

ZF - - mc cot AF (117)

ZFLE =z -L mc cot AF (118)
2

KN = Xcq (119)

XLE cQ - bton A (120)

4

xF xc -( - " " 0) C (121)

IFLE 'ca -(I - -- m) c (122)

( +2M +" 1 3 ton X(I -rn) , I
-L 

2cq 3I2(1-rne}cot AI - -1+ 2(123)
c c + ni ton X

C ~I -I-m+ tn 13

(I- m ) cot A

In addition, the kinematic viscosity, s,., may be expressed as a function of altirude
as follows:

- p 3 xIO "7 lb sec./ ft in in* altitude reigon of interet

or

f ( p . (124)

Therefore, when the geometric relationships are used, the 11 constraint equations and
the equation for (I./D)max may be expressed by the following independent variables:

1. W 5. R F 9 m 13. p .

2. 6. A 10. Xcq 14. a

3. RN 7. A F  II. zcg

4. RLE 8. X 12. V2
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Since 12 equations exist with 14 variables, two additional equations or conditions are
required. The vlociry for which the peak aerodynamic heating occurs (V = 21,170 feet per
second, Iquat ion 163 of Appendix II) is the critical design point and, hence, the vehicle
must be constructed so as not to exceed the temperature at that point. Thus

V = 21, 170 feel per second (125)

is one additional condition.

From the preceding section, the optimum taper ratio (m) for minimum leading edge
drag was ascertained as 0.32. 1Hence, the final condition is that

m 0 0. 32 . (126)

Ihe problem now Is properly set whereby the 11 constraint equations and the maximum
1/I) c(iidition are expressible by 12 independent variables. When these 11 equations
ar- ,ved simultaneously and the optimization process Is imposed, a solution may be
obta i ned.

4-C. Numerical Solutions

Because of the complex interrelationship of the 11 constraint equations, an iteration
procedure was established to obtain a solution of the system. The aerodynamic equations

were programmed on the IBM 7090 computer at ASD. The geometric quantities were

computed for the condition of fixed weight and temperature as shown in Figure 5 in

block diagram form (trial values of & opt . XeCg, X, and zcg were required to initiate the

program). A complete set of aerodynamic characteristics was obtained from the IBM
7090 computer for every degree of a from 70 to 300. By inspection of the readout dat.,
the angle of attack for (L/D)max was ascertained. The new radii were computed for

the fixed temperatures and for the adjusted CL  and a opt values (constraint Equations
opt op

t91, 92, 93). A new equilibrium altitude was computed from constraint Equation (88). The

vehicle was rendered neutrally stable (constraint Equations 96, 97, 95) by relocating the
center of gravity and adjusting the fin toe-in angle () as follows:

a X c 9 Cma (127)
cCNa

Cn,
AF SF (128)

8 S cos a
b S

and

- A (129)

b c /
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SELECT SELECT

W T

S

t COMPUTE

GEOMETRY

I

I I

RENDER COMPUTE
NEUTRALLY -

STABLE AERODYNAMICS R

DETERMINE I

Figure 5. Block Diagram of Configurational Optimization Process

Additional geometric quantities were adjusted to conform with the four constraints of

F.1 fixcd through T 5 , W = 50 pounds per square foot and W = fixed
- .s, S.,
(Equations 98, 94, 90, 89). This procedure was continued until satisfactory convergence
was obtained. The criteria for satisfactory convergence was that the aerodynamic center
in all three axes he within 1 percent of reference length (F or b) from the c.g. and that
the design angle of attack (o o) be within one degree of the iterated value. Approxii-ately

10 successful iterations were required to produce satisfactory convergence. It was also
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tscertalned thilt ms) successful e()nverg -nce wt.-, ollined by adjusting one quantity at

a ti'lle In (he following Setluence:

2. A xC;

3 A X

4. A Zcg

Solutions were Obl-. "'d at three temperatures (or wing loadings) for two vehicle weights
of 10.000 and 100,000 pounds. Since four temperature locations were examined (nose, wing
leading edge, fin leading edge, and lower surface), some assumption concerning the
material construction was required. To minimize the number of cases to be examined, we
assumei that tile lower surface, wing leading edge, and fin leading edge were constructed
of the -.:ame materials. That is

LS = LE = iLE (130)

In addition we aSSuTmned that the minimum lower surface temperature as computed from
the wing loading value (I'quation 172, Appendix 11, or Figure 15) was the design limit. In
other words no excess temperature capability was built into the vehicle and hence it is
considered to he a minimum temperature design.

['he nose of the vehicle represents a small portion of the vehicle's weight yet influences
the value of (I./D)max greater than any other component of similar area. Therefore, a

higher temperature capability for the nose than the remainder of the configuration results
in huge dividends in hypersonic L/D, with only a minor penalty in weight. As stated in
Appendix II, noe-cap materials have temperature capabilities in tile vicinity of 4000°F
while lower surface materials of lighter weight are limited to about 30000F. For this
case,

4N = LS (131)

Hence, in all numerical cases investigated, the nose was assumed to possess a heating
rate limit that was three times as great as the remainder of the vehicle.

The characteristics of the optimized vehicles for the conditions cited are shown in
Tables 2 and 3. The values of (L/D)max versus W for these two classes of weight areS
presented In Figure 6. Note that the L/D increases with weight and decreases with wing

loading although the temperature limits were constrained to Increase with - (as dictatedS
by Equation 172, Appendix 1I), 1 lence the decrease of L/D with Increasing wing loading
would be even more drastic for a constant temperature constraint,

After the optimization process Is complete, there are always Interesting "tradeoffs"
that should he investigated to determine the penalty Incurred by varloys constraints.
For this reason the maximum L/D was recomputed for the optimized configurations with
the exception that the following quantities were removed:

Fin - 0; no stability constraint

2hs
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TABLE 2
CHARACTERISTICS OF THE OPTIMUM LIFTING CONFIGURATIONS Wu 10,000 POUNDS

m: 0.32, SF/S --01, V= 21,170 ftl/ec,, and bu 14.14 ft

C hat c to ist cibW/S lb/ sq ft ) of
Choracteristcb

22,.8 f 52.6 76.7

A (degrees 82.8 69.2 57.9

AF (degrees) 76.4 55.2 42.0

X (degrees) 5.90 8.50 7.80

RN (ft) 1.54 0.67 0.34

RLE (t0.51 0.60 0.61

RF (ft) 0.03 0.28 0.29

c (ft) 59.4 23.1 15.0

X C9 0.621 0.615 0.625
c

z cg 0. 173 0.150 0177
b

Re  X I0 "  1.02 0.654 0.399

41/ 4 TLE (0R) 2750 3250 3510

, V4 TN (-R) 3620 4280 4610

hop t  (degrees) 14 17 23

(L/ D)max 2.08 1. 75 1.29

0 . P 0,219 0.369

Cys - 0.205 -0.340 -0.365

Cm /CN (percent -0.90 0.27 0.82

Cma /CNcU (percent) - 1. 56 - 1.93 0.00

Cn/3 /Cy 3 (percent) 0.65 -0.35 -0.88

C.11  /Cyq (percent) 0.05 -0.54 0.27
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TABLE 3

CHARACTERISTICS OF THE OPTIMUM LIFTI11G CONFIGURATIONS: W. 100,000 POUNDS

m :0.32, SF/S :0.1, V: 21,170 fl/sec., and b a 44.72 ft

W /S ( lb /sq tt ) at
Chara c Iris tics

1 7. 6 45.7 71 .0

A (degrees) 82. 8 69.2 57. 8

AF (degrees) 77. 0 55. 8 4 1 .9

(degrees) 2. 75 4.30 4.00

RN (ft) 3.30 1.14 0.48

RLE (It) 0.63 0.87 0.77

RF (It) 0. 05 0.67 0.51

c (It) 219 79.2 49.6

-CL 0.6 42 0.622 0.645
C

Z O. 0186 0. 162 0.224
b

R e  X lo- .t3 3.03 1.62

'/4 TLE (R ) 2610 3160 3450

1/4 TN (R ) 3440 4160 4540

aopt (degrees) 10 13 18

(L / D)max 3.26 2.54 1.88

CN 0.087 0. 133 0.235

C y -0.075 - 0.148 - 0.155

Cm /CN (percent) 0.63 -0.03 0.80

Cr a CNa (percent) 0.42 -0.23 1.21

CnO /CY,8 (percent) 0.32 -0.23 -0.69

cji /Cyq (percent) 0.64 0.22 -0.99
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C f. 0: liicid

All It - (); no therina I constraint.

Iiise data are presented in Figure 7 for veh icles of the 10,0(X-pound weight class
and inl lIZUre 8 for the 100,000-p)ound vehicles. Note that the temiperature constraint is
111C MOST severe, while the skin friction is next miost limiting for both weight classes.

W___=_ 50 lb/sq ft

2F =0.1

3.0N:34L

W 100,000 lbs

\0

2.0

00

00

1.0

0 20 40 60 s0

O.(b/sq ft)

rigure 6.* Maximum L/D Versus Wing Loading
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w 10,000 Ibs

3.0 T O

C 1 :

NO FN

2.0 -

ALL CONS RAINTS

1.0

0 20 40 60 80

w
( I/ sq f? )

Figure 7. Constraint Influence on (L/D);max W = 10,000 Pounds
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W 100, 000 lbs

\T K:c

4.0 -- -0

D max NO FINS

3.0-

ALL CONSTRAINTS

2.0 ------ J

0 20 40 60 80

W
(lb /sq ft I

Figure 8. Constraint Influence on (L/D) ax; W = 100,000 PoundU
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1-).IYre Si t'ace, I )CS irgn

III theC pe'Cedingl pia ragrapirs the opt mium vehiicle characteristics for a lifting re-entry
VVhIIcL WOI. re det e i I ned. Thrroughrout the arnalys is only the pla nformn and lower suirface
geolite1t rV %\er d iSCtiSSL. lie lower surface geometry Is designed by the hypersonic
0ciraracterist ics leaving the upper sutrface free for the deCSlgncr to achieve satisfactory
I I I% -s-peed khI I 1 kc ILrtst ics w Iii tIe mulit Ing Ih I CvoILIumeI and bo-osrcr- attachment constra Ints.
A kitIhIeredk upperL'I surface1 that locateS the low-speed center of pressure aft of the hyper.,
sroiiicailiv const rained e.g. and inniizes profile drag, achices optimum111 low-speed
performrance and StabhilityV. I low -ver, the volume and attachment constraints may alter
this contout in va riouts degrees. A. complete analysis of this problem is not warranted
irte, in that infinitQ po(ssibilities exist; however, a typical complete configuration is shown
a,; an example.

Oine of the 1(0.000-pound configurat ions ('= 4.5.7 pounds per square foot) is shown

ill I. 1:r( ) withi a Cambered tvodified (Iirk-Y profile upper surface. All constrained
gecometric quantities are shown, and a cylindrical aft fuselage is depicted unexposed to
he aerodlynamic heating to contain the payload Volume and c.g. while providing an

interface for booster at tachinent.

INW 100,000 lbs

A = 45.7 lb /sq ft

(~m~ 2.54

Figure 9. Typical Optimum Geometry
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I'll 1-0ug1tot il henti re invest igat ion, Itice vehiclde has hbeen designed for one attitude; that
is, tile angle of at ack fort I./tl 1 1a I Heat ing. stability, Internal heat protect ion, control
surface, sizing, etc. have been determined for this condition. I towever, I ./I) must he
adjusted from tie miax itmumt value to somei lower valtue to modulate longitudinal range.
The degree of range tulodulat ion depe'nds up)on the ratito of tile maximum I./I) to the
mnininium valtue. I./) nmodulat ion may be achieved by op~ening a speed brake to increase
drag at constant angie of attack. Symmectrical deflection of thle rudders may accomplish
this feat if sufficient temperature canability exists. Table 4 expresses tile values of
LI.t) for rudder deflect ions of 45' for the configurations studied. Tile rudder area was
assumed to txe one-halIf of thle fin a rea.

TABLE 4

VALUES OF L/D FOR RUDDER DEFLECTIONS

SR S 0.5 SF AND SF * 0.1 S

W W/'S GaPI 8 R '0 BR 5

(POUNDS) (LB PER SQ FTI (DEGREES) (L/D)mox (L/D)mln

10,000 22.8 14 2.080 0.703
90,000 52.6 17 1.751 0.802
19,000 76.7 23 1.287 0.805

100,000 17.6 10 3.263 0.533
100,000 45.7 13 2.543 0.701
100.000 71.0 18 1.883 0.868

__________________ I __________________________ __________ - - ______________ ____________3___
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SlC'ION 5

('ONCILUSIONS

The objective of this investigation was to optimize lifting re-entry configurat ions- for

the following set of requirements:

I. Achieve successful manned re-entry from circular speeds

2. Provide large lateral maneuverability and longitudinal range modulation

3. Provide satisfactory landing characteristics

4. Protect the vehicle from the aerodynamic heating

5. Provide the vehicle with adequate stability to produce satisfactory handling qualities

These requirements were converted into the 11 property constraints for the vehicle. With
the constraint equations formulated, the configuration was designed for maximum hyper-
sonic L/D after it was shown that the greatest lateral and longitudinal range might be
achieved by maximizing hypersonic L/D.

The geometry of a generalized configuration was optimized for maximum L/D and the
following characteristics obtained:

1. Flat bottom lower surface

2. Clipped delta planform with a 0.32 taper ratio

3. Delta dorsal vertical fins

4. (2:1) elliptical nose and leading edges

With the general configurational geometry established, the (L/D)max was determined for

the composite detailed geometry for two vehicle weight classes (10,000 and 100,000
pounds) while meeting the previously established 11 constraints. For the domain
Investigated, these numerical results show that low aspect ratios, low wing loadings,
and large scale vehicles produce the highest L/D. Also the temperature constraint for
the domain investigated is the most severe in limiting L/D. Subsequent to the temperature
constraint, the effects of skin friction are the next most limiting. Therefore, with the
development of drastically improved materials and the relaxation of the thermal
constraint, higher L/D values are possible. In addition, as booster payload capability

W
Increases and the structural designs become more efficient (reducing -- ) higher values

of L/D may be anticipated.
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APPENDIX I

TRAJECTORY ANALYSIS

The trajectory must be computed first to optimize the performance of a vehicle.

The equations of motion for a banked, gilding, re-entry vehicle are listed as follows:

m V = - D -mg sin y (132)

mV = L cos 0 + v t Co s y  Mg Cos y (133)RE

mV L sin 4 (134)
cos y

For hypersonic lifting re-entry, the assumption of -y and 5 equal zero may be used. Thus

9 7W _(135)g w

L o s - V where VC2  g RE (136)
W Vct

= - sin (137)
g w

The range equations are as follows:

Longitudinal range = Rx  f V Cos 4 dt f V coo * dV (138)
vi

Lateral range z R, =V sin 4' dt = V sin * 'V (139)

Vi

where
S f,d f' " (140), : . d, , v .

When the equations of motion (135) and (137) are used,

4' - fV-6" sin * dV141)
Vi

Integrating Equation (141) for constant L/D and 0 produces

, " sin In v 1 (142)
D V
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Using Equations (135). (136). and (142) In Equations (138) and (139) results in

RE = f yL (143)RE-Cos (P V Cos sin 4S in d

ViR Vv VaY vC . --L Cos vCsn Lsn nV
o (Y,- . '144)

RE fo DV0 -~ v)-

Maxy'-am longitudinal range achieved for zero bank angle (0 0) In Equation (143)
re.uits in the following:

YL 20. =VT dx L_ Vi , ( (145)

Vwhere x = *- dummy variable.
C

Figure 10 shows a plot of the longitudinal range achieved for various initial velocities.
Vi

The integration of the lateral range equation is more involved, however. For V = 1,
VC

(, .L ,i ),.. (146)
Co 40 f~ si (--sint in x d

Transformation of variables permits integration. Let

y = - In 1

and

IL0 x - sin 4o

Hence

R"-) Y (sin a dy fesinay) j 0-4y dy (147)

I L 0 -"y
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6000

4000

D R, (NM)L /

2000

V..
I

0 10,000 20,000 30,000

Vi (ft/sec)

Figure 10. Longitudinal Range Versus Initial Velocity

When the numerator is replaced by a power series to permit integration and the order is
changed,

s Cos f e nYsin a y) dy (148)
2 Dn 0
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and integrating lquation (1.18) produces
Ry o2

R, cot 2 a 2 (149)

In the region of interest (0 a 2). tihe series may be approximated as follows:

L zsin 2S+0.10( 
(150)

By means of differentiation, the optimum bank angle may be obtained to achieve maximum
range as follows.

cot I + 0.106 ( L) (151)

Figure 11 is a plot of optimum bank angle as a function of L/D as obtained from Equation
(151). By insertion of Equation (151) into Equation (150) the maximum range for the
optimum bank angle is obtained.

R, (02)
(L) 2 (152)

RE max 5.o2 / +0.06(-!)2

Figure 12 presents maximum lateral range versus L/D as obtained for Equation (152).

It is apparent from Equation (145) or Figure 10 that maximum longitudinal range
control is achieved by modulating L/D at hypersonic speeds. As apparent from Equation
(152) or Figure 12, the maximum lateral range control can be achieved by maximizing
L/D during re-entry. Thus, maximum maneuverability is achieved by maximizing
hypersonic L/D.
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V,
V

C

45__ _ _- ____

40 - _ _ _

0opt 35 ______ _ _ _ _ _ _____

(degrees)

30~

25-

0 234

L

D5

Figure 11. Optimum Bank Angle for Achieving Maximum Lateral Range
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6000 __ _

2000_____

00

Figure 1Z. Mm~inum Lateral Range Versus L/D
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A PI'PENI)lX I1

I WIAT TRANSFER ANALYSIS

II-A. Introduction

The design of hypervelocity re-entry vehicles depends vitally upon the heat transfer
rates and temperatures that occur at critical points on the vehicle. The re-entry vehicle

of the lifting or glide type experiences much less severe heating rates (tens of BTU/ft2

sec.) than for the ballistic type (thousands of BTU/ft 2 sec.). but the totalheat transferred
is greater because of the extremely long flight times of the former in the atmosphere
(about an hour as opposed to a few seconds). Because of this fact ablation techniques
have not proved to be practical and a radiation-cooled structure is used. In lifting re-
e,; ; a steady-state thermal condition is quickly reached in which the Influx of aero-
dynamic convective heating is balanced by the efflux of thermal radiation resulting in
an equilibrium temperature of a surface. This temperature is maintained below the
limit of the surface material (approximately 3000*F) by carefully designing the shape
of the vehicle and designating flight paths that avoid the critical heating region.

The stagnation region usually experiences the highest heating rate on hypersonic
vehicles. Many methods are available for predicting laminar heating rates at the stagna-
tion point and thcse will be investigated w!th the objective of ascertaining the simplest
method that possesses sufficient accuracy for the heating analysis.

The leading edge is the next most important area to be considered. Transformation
is possible to convert from three dimensional to two dimensional stagnation heating.
The leading edge geometry in section and planform dictates the heating rate distribution.

Next, the analysis of the lower surface aft of the nose and leading edge must be
analyzed for both laminar and turbulent flow.

11-13. Stagnation Point Heating

Several of the available methods for computing stagnation heat-transfer rates were

studied and computed for a typical lifting re-entry glide path (Wt - 100) as shown in
SCL

Figure 13. The methods anulyzed are listed as follows:

1. Sibulkin

2. Cohen and Reshotko

3. Lees, approximate and exact

4. Detra, Kemp, and Riddell

5. Fay and Riddell
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200
SYMBOL METHOD W 100

* Sibulkn SCI"

o Cohen & Reshotko

1OO - Lees, Approx. Method 0O

V Detro -Kemp- Riddell
0 -0 Foy S Riddell

60 0 Lees, 1956 Method °e

0,-o 40-

h,

(STU-ft°' ft sec 20

0 Numerical Average
0 --

6 0

4
60 50 40 30 20 10 0

- t (minutes
L

Figure 13. Comparison of the Stagnation-Point Heating Rate for Various Methods

The simplest method (Lees approximate) also is closest to the numerical average of all
methods. For this reason Lees' approximate method in the following form was adopted:

)_ p ~ ( 100 IN

Nhs

11-3. Leading Edge Heating

The unswept leading edge may be obtained s!mply from Lees' stagnation equation for
n - 0. The conversion for sweep as shown in Reference 5 is as follows:

- Cos As (154)

qA so
where

As a sin "' sinA cos a) for the wing lending edge (155a)
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or

Po = A F + a for t'o fin loading edge. (155b)

Thus

RN )0.5 CsA 16
4LE = RL co. A, (156)

11-4. Lower Surface Heating

The nose and leading edge are generally laminar at critical heating for "state of the

art" materials, structures, and geometries. Aft of the leading edge local transition to
turbulent flow may occur depending upon attitude, altitude, velocity, surface roughness,
tempe'ature, and geometry. As an allowance for a degree of conservatism, the lower
sur:;ce will be designed for either laminar or turbulent flow at critical heating depending
on which is higher.

The method adopted for computing heat transfer is the reference enthalpy technique
first expressed by Eckert (Reference 6). Schmidt (References 7 and 8) and Hankey
(Reference 5) have computed laminar and turbulent heat transfer to flat plates for re-
entry flight conditions. An empirical approximation to these data applicable in the
critical heating regime are tabulated as follows-

i 12. 1 2 ( _h. Ip. sin 2 a Cos a ) o (157)
Lam FP x O9 \IOOOi0 h )7

44Z 0- L '""i"" ) (P sin a Cosa) (158)

Turb FP 
hs

11-5. Critical Heating

For equilibrium glide (Appendix 1) in which

I w V,P. v.' (-vC ) (159)

the flight conditions for which maximum heating occurs can be determined since q is pro-

m 3
portional to o. V. (where m - 0.8 for turbulent and 0.5 for laminar heating). Therefore,

is a maximum when
dp _np. (160)

dVO mVe

From the differentiation of the equilibrium glide Equation (159), however,

P P (, 1 61)

dVO V Vc
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When Equations (160) and (161) are combined, the velocity at critical heating may be

ascertained.

)Tz .16. aio (162)k VC 4n a - 0.6831 turbulent

or

(vU 21,170 laminar (163)
( MraO 17,710 turbulent

Thus the critical heating rates on the vehicle during equilibrium glide re-entry may be

determined by substituting Equations (159) and (163) into Equations (153), (156). (157).
h

ai'_ (158). assuming -<< 1. Therefore,

.

(S, = 8.025 ( ;N ); laminar (164)

(LEmax  R.6 N (WSt O s

(=) 2 5.675 -, laminar (165)
RLE SCL

(€Ls )mau z 3.131 (-W:) laminar (166)

0.3

(4LS)m x 2.26 -- ) turbulent (167)

For thermal equilibrium conditions in which the convective aerodynamic heating Is

balanced by the surfate thermal radiation to space, the temperature may be computed

in the following manner:

4 T (168)

Thus

0.0t W
a4 14 • 3594 ( ) (169)

TLE a 3297 ( O.0 W "LE Ao (170%
SCL RLE

€4"1LSU 2130 (' x S ) I laminar (171)
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4 LS 2333TLS. 1 w turbulent (172)
x S

Equations (169) and (170) may be used to determine the minimum nose and leading edge
radii for specified material temperature limits, sweep angle and glide parameterW
(--). Figure 14 is a plot of minimum nose radius versus temperature limit for an

= 0.8.

Equations (171) and (172) may be used to determine the maximum wing loading (W/S)
for a given material temperature limit. Figure 15 is a plot of maximum wing loading
versus lower surface temperature limit for an c of 0.8, x of 1 foot. and a CL = 2 sin 2 a

Cos CY.

11-6. Material Temperature Limits

l igh temperature materials are required to permit successful re-entry of glide
vehicles. The group of materials most applicable for this purpose Is entitled "refractory
metals." The melting points of some of the most applicable refractory materials are
tabulated as follows:

Metal Melting Point

Tungsten 6170OF

Tantalum 5425°F

Molybdenum 4739°F

Columblum 4380°F

Although the melting temperatures are quite high, these materials all suffer drastically
from unsatisfactory oxidation resistance at temperatures in excess of 2000°F. The most
desirable method for overcoming the disadvantages of poor oxidation resistance is
through alloying. Since little improvement In the oxidation resistance of alloys has been
accomplished in the past years, it is generally conceded that coatings are required to
protect structural refractory-metal alloys from oxidation. In addition, the bare metals
possess low values of emittance; hence, a material coating with high emittance is desired
for application to radiation-cooled glide re-entry vehicles. The problem Is reduced to one
of finding a high emittance coating that can withstand a wide variation in temperature
and pressure in an oxidizing atmosphere for prolonged periods. Reference 9 indicates
that coatings have been developed with many hours of life at 2500F and possess a cap-
ability at 3000OF for short durations.

Since the nose of the vehicle represents a small portion of the weight yet can contribute
a large amount of drag and appreciably affect the maximum L/D, a nose cap should be
used with a greater temperature capability than the remainder of the vehicle. The coated
carbides, graphites, and various oxides possess high allowable thermal limits (with
reduced strength over refractory metals) and represent potential nose cap material. The
present "state of the art" thermal capability of nose cap material is in the vicinity of 4000"F.
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Figure 14. Minimum Radius for Allowable Nome Temperature
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Figure 15. Lower-Surface Critical Temperatures During Glide Ro-Entry
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APPENDIX III

I IYPIERSONIC AERODYNAMIC CHARACTERISTICS

Ill-A. Introduction

There is not available presently an all inclusive compilation of procedures for
computing re-entry vehicle force and moment coefficients at hypersonic speeds. Simple
techniques are developed In this appendix for rapidly determining the aerodynamic

pressures and resultant six-component force and moment characteristics for hyper-
sonic glide vehicles. The methods are applicable between 100 and 30 angle of attack

since this covers the (L/D)max range of Interest (from 4 to 1). For extremely low or

extrenely high angles of attack, prediction of the aerodynamic characteristics becomes

n-.o,, complex and need not be investigated here. Techniques herein are further limited

to the continuum flow regime in that the aerodynamic characteristics are only of primary

Interest (for stability and performance) when the dynamic pressure Is significant. At

low dynamic pressures (q 1 10 pounds per square foot) reaction controls are required
for stability and control of space vehicles. At orbital speed a dynamic pressure of 10

pounds per square foot occurs at an altitude of about 265,000 feet for which the mean

free path is about 0.01 foot. The Knudsen number based upon a 10-foot chord would be

10 - 3 Indicating that a continuum flow model may be used.

Expressions for the pressure distribution over simple shapes (spheres, cylinders, and

planar surfaces) are first derived. A generalized configuration is defined composed of

the preceding simple elements, and an analytical expression for the aerodynamic co-.

etficients resulting from integration of the surface pressures is presented. Finally, a

summary of the six-component aerodynamic characteristics Is tabulated convenient for

prograrmming on high speed computers.

Ill-B. Pressure Distribution Theory

For rapid prediction of aerodynamic forces and pressures on hypersonic aerodynamic

vehicles, simple, basic theory is desirable. Perhaps the most popular theory for this

type of analysis is Newtonian Impact Theory and its various modifications (References
10 through 19).

The Newtonian flow concept assumes that the free-stream gas, upon striking a surface,

loses its component of momentum normal to that sfrface and then moves along the

surface with Its tangential component of momentum unchanged (inelastic collision). From

this assumption, the pressure coefficient is defined by:

C P 2 sint 8 (173)

where 6 a local flow Inclination, with the free-stream (angle measured between the

velocity vector and the surface) and

Cp p1* P
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On page 91 , I.relations are modified for the hypersonic

case in which th.- tc I i c the body slope and the identical result,
Equation 173, olt. I I i 1( tasic validity of the Newtonian Flow Theory
for hypersonic co ,j i;,

Lees, in Ikefe i ' :,J Newtonian Theory as:

sin2 8 (174)

where

,,i pressure coefficient.

A further modifict e, i Refecence 16 is called the Generalized
Ncvanlan Theory

_ .. sin 8 (175)

r 1 max

This form of thc Ne "ill t 1 c ile for pointed shapes such as tangent ogives.

In both of the preccding x il ,t_:ns, he basic form of the equation

:s x 5inz 8 (176)

is retained. The k-factor ref cci ; :ie change in pressure coefficient because of such

factors as initial nose ,lope, Mact number, and change in gas composition, while the

sin 26 term accounts for the surface orientation and geometry. Newtonian Flow Theory

in its basic form, Equation (173), is applicable only to hypersonic flow over highly Inclined

surfaces,'(Reference 19); however, extension of the theory is possible if the form in

Equation (176) is retained and the k-factor adjusted. By the use of the theories of known

applicability and experimental data, the k-factor for simple geometries Is deternined
herein.

The chief advantage in retaining the expression of the pressure coefficient in the form

of Equation (176) is found in the determination of force coefficients in that the required

integrations are made relatively simple. A further advantage exists whereby the force

coefficient is directly proportional to the k-factor. Therefore, the variation of k-factor

over a range of flight conditions directly defines the variation of the force coefficients.

Ill-B-i. Blunt Surfaces In Impact Flow

Variation of the k-factor for the stagnation region of a surface is Illustrated In Figure

16. In this figure, the variation of k for a real gas as computed by Feldman, Reference

20, Is shown for a range of Mach numbers and altitudes. Also shown is the variation of k

for an ideal gas, as defined In Reference 21 and determined from the following relation-

ship:

C (177)
Pt4 P1i
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i~.ivc I , \Iu11 number. Figure 16 can be used to determine the
C xif , ,..Note tOat real gas k-factor values are seen to be rather

il fir, Ii 'qt- " , I ' 1 c' hoscn.

S( t ed ,t\wtonian Theory on hemispheres and hemicylinders is
illiSt ratCd inl fiirc illustrates that Equation (176), where k is determined
fror i ' , :It o- .-valuating pressures and forces on these suffaces.

'.9,,

'. 0 NEWTONIAN".,

IDEAL NORMAL SHOCK

7 I

5 10 15 20

MACH NUMBER

Figure 16. Variation of Stagnation Pressure Coefficient with Mach Number

In the analyzation of swept leading edges, cross-flow theory is used. This reduces
the complex three-dimensional problem to a simpler one In two dimensions. Using cross-
flow theory Equation (176) becomes

CPS X k cos t A. (178)

where A is the effective sweep angle of the leading edge, see Equation (196).
5
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Figure 17. Applicability of Newtonian Theory to Hemispheres and Hemicylinders

Ill-B-2. Flat Surfaces In Impact Flow

Where the Modified Newtonian Theory is significantly in error, and the surface under
consideration is large, some correction must be applied. An example of such a situation
is the large lower surface of a blunt swept delta wing. Figure 18 shows the change in
pressure coefficients on a blunt wedge due to change in angle of attack (Reference 22).
For angles of attack between 5* and 150, the "tangent wedge" theory appears representa-
tive of the mean of the data. For angles of attack above 150, the flow appears to change in
nature and approaches Newtonian values until at 900 the flow stagnates at C
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A., no single shnpkc theory would prcdict the change In the nature of the flow across
the angle-of-attack spectrum, several empirical correlation schemes were attempted.
The most successful of the schemes considered is the one shown in Figure 19. The
faired straight line through the data has the equation

k 1 1.9.w + 0.21 cot (179)

M :86 -

I : Spread of data of

Reference 22

TANGENT WEDGE
THEORY

I or
s1n 2 g

I

NEWTONIAN THEORY

0 20 40 so s0

B (degrees)

Figure 18. lAwer-Surface Pressure Coeffloilsis

57



ASD-TDR-62-1102

M 8

I Spread of data In

Reference 22

EMPIRICAL FIT
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0 2 4 6 a t0 12
cot 8

Figure 19. Empirical Correlation of Lower-Surface Pressure Coefficients

For surface Inclinations below 100, the representation in Figures 18 and 19 rapidly
loses significance because at 6 = 0 for any Mach number, k approaches -, which requires

a changc In the expression for C . Interaction and induced pressure effects also become

dominant at low angles of attack, which require a change in the analytical procedure. For

these reasons, values of a much below 10 will not be considered.

More comprehensive analyses must be applied only when the vehicle in question is

considered to fly at low angles of attack. As presently anticipated, only gliders with L/D

greater than 4 will fly at angles of attack less than 10*. TI.cse vehicles will require

refined analysis at low angles of attack.
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111-11-3. Induced Prcssures

., blunted wedge at angle of attack produces a curved shock wave near the leading edge.
Farther away from the leading edge, the shock wave isymptotically approaches that of a
sharp v'edge. Because of this shock curvature, Induced pressures commence at the
leading edge shoulder and diminish as the shock curvature reduces (References 23 and 24).
Techniques arc available (e.g. B3elotserkowski, Vaglio-Laurin, etc.) that provide numerical
,olutions of the flow field from which pressure distributions may be ascertained. However,
since numerical results are not yet available in quantity, empirical correlation of the
induced pressures was attempted.

From experimental pressure distributions, we determined that a linear variation in
AC from zero at the centerline to AC at the shoulder would adequately account for in-

p Psh
duced pressure distribution effects on delta wings with relatively small leading-edge radii.
Fron ,ne leading-edge pressure distribution of Reference 22, we observed that the shoulder
pressure may be ascertained by sh!fting the flow angle for the Newtonian pressure coefficient
by a small value, €, so that

Cps h  k Isn 2 (a +4 I. (180)

The induced pressure coefficients at the leading edge shoulder are presented in Figure
20 for various a values. From this figure, it is apparent that the form of Equation (180)
adequately accounts for Induced pressure If a value of c of 140 is Included while the un-
modified Newtonian (c = 0) is quite inadequate. For swept leading edges

Cps h : k cost A. sin 2 (a. +4) (181)

where A and o are defined by Equations (202) and (203). When the identity is used,

cost A. sin2 as Csin2 a co3 2 a . (182)

Equation (181) may be expanded for small values of P and c as follow,:

Cps h = it sin 0 (a I I Cot as I • (183)

The difference in shoulder pressure values is required in the determination of the
rolling moment due to yaw of delta wings. This pressure difference can be obtained by
using Equation (183) for the right and left shoulders as follows:

R Cpsh 2k sin a (cot a *RC- coL . (184)
R-L

For the geometry of interest ir this study, we determined from Equation (203) that

A colas 00 40.

R-L
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Figure ZO. Induced Pressure Correlation of Blunt Leading Edges

Therefore,

R-AL C ki 'a sin2 a(i5

60



k f 8 per radian. (186)

1l1-11-4|. surl, wc' "kill 1'rictioll

, Iera W0 nethk % have .'ben presented in the literature for the prediction of laminar
.skin frictio()t n flt plates in s,per -.onic and hypersonic flow. These methods are
usually ,mplex and Li hori ns to apply and often require evaluation of the flow field
b1ehind the compression shock wave. One of the ive successful methods Is the Reference
lnrthalpy Method as defined in Reference 6. J.F. Schmidt, in Reference 7, has used this
method to predict skin friction over a flat plate for a wide range of flight conditions.
Since the data arc given in terms of flight parameters instead of flow parameters at the
edge of the hIond;iry layer, this reference is ideal. For further simplification of the
pr- on of laminar skin friction, an empirical curve was fitted to the data presented

y hdThis single line is represented by the equation

ClOm /R e  0.45 cos a + 4.65 sin a cos a (187)
larr, M 0,00c

where (Y is the surface angle of attack and

C f = I ; w  = local shear ;tress. (188)

lhi.' equti.ion deviates no morc than 20 percent from the data presented by Schmidt for
low-altitude high-angle-of-attack flight and is more accurate (approximately by :10
percent) for the rest of the altitude and angle-of-attack range. This accuracy is
sufficient for preliminary design as long as the vehicle is in continuum flow where
shear stresses do not dominate. A comparison of the preceding equation with the method
of Schmidt is shown in Figure 21. This equation is seen to be applicable for the majority
of the re-entry flight corridor.

:\s is the case with laminar skin friction,inany techniques are defin.sd in the open
literature for the prediction of turbulent skin frir:tion on fiat plater in supersonic and
hypersonic flows. Unfortunately, these methods are even more complex than those for
laminar flow and rely cn empirical relations derived from wnd-tunnel or flight-teot
data. Analysis is often further complicated by the need to evaluate the flow field
properties outside the boundary layer. Schmidt, in Reference 8, has used the reference-
enthalpy technique to construct a comprehensive se-tes of graphs for the prediction of
turbulent skin friction on a flat plate for a wide range of fliht parameters. As In the
laminar study by Schmidt, the data are given in terms of flight parameters, not local
cicw parameters, and are, therefore, qu!re useful In preliminary design. An empirical
curve fit of Schmidt's data resulted in the following equation:

0.2 V d2 .
Cf (R e ) O.048 (sin 4.5 a) +0.70 -g_ cos a sin'a (180

turb 1 10, 000

The degree to which this equation covers the analysis of Schmidt is seen In Figure 22.
"'h;4 close comparison proves the equation sufficiently accurate for preliminary design
purposes.
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ill-C. Determination of Aerodynamic Characteriatics

The purpose of this section is to apply the previously developed theoretical and
empirical relations to the various basic components of a generalized hypersonic JIiftin
re-entry vehicle and, condidering the relative location of the components, describe the
aerodynamic characteristics of the configuration. Dependence of the aerodynamic
characteristics on surface geometry and orientation Is reflected In the Newtonian
format

*P k line (176)

as developed In the previous section. Determination of 6 and Integration of C pfor the
required aerodynamic characteristics of surfaces with geometries not easily expretised

63



ASD-TDR-62-1102
analytically often can be done precisely only by numerical methods. This complexity is
certainly to be avoided whenever possible. For this reason only simple geometric shapes
will e analyzed. Quite accurate analysis of complex geometric shapes can be made by
proper selection and combination of the simple shapes covered herein.

As important as the definition of the components is their location relative to the center
of gravity of the vehicle in question. Therefore, the geometry and the coordinate system
of the generalized configuration to be analyzed must be established. Efficient, lifting
hypersonic vehicles possess a flat bottom surface with a highly swept planform to maximize
CL an'v L/D. The nose and leading edges must be blunt (i.e., circular, elliptical, etc.) to

withstand the heating environment. Vertical fins are required to provide directional sta-
bility and are most practical and effective outboard and in the most rearward position.
The body is located on the upper surface unexposed to the high heating. Figure 23 is a
three-view sketch of the generalized configuration to be considered showing the general
dimensions of the overall configuration, the various components, and the location of the
-. "tr of gravity.

"A I

RLEF

l'IW. 23. The Cmmralized Caoifpwgie eowiry
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With a generai i:ed configuration defined, the aerodynamic characteristics can be
analyzed i terms of the general dimensions of the configuration. Defining these general
dimensions for a specific configuration permits rdpid determination of the aerodynamic
characteristics of that configuration.

The aerodynamic coefficients derived herein, and the associated sign convention, are
defined in the list of symbols. The symbol and sign convention used by the NASA has
been used unless otherwise noted.

Derivation of the coefficients for the ditferent components, in gUncra-! fol,,,d ihree
basic steps:

1. Determination of a simple representative bhape

2. Integration of the theoretical pressure coefficients over that simple shape and
evaluat ion of the basic force coefficients

3. )etermination of appropriate moment coefficients through consideration of the
displacement distances of the component from the vehicle center of gravity.

Six component characteristics were defined for each configuration component. The

lengthy details of the integrations required to derive the aerodynamic force coefficients
were omitted and only the results presented.

III-D. Summary of Derived Components

"Itit - .General

A summary of all the derived coefficients are tabulated for convenient reference. Only

the basic equations are given. The terms such as k-factor, o, A e, O e etc. in the

equations must be made to apply to the configuration component that is evaluated.

The lateral and directional coefficients wcre determined to be linear with 0 for small
angles and hence'only the derivatives are presented. Numerical values of the derivatives
are in radian measure.
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111-D)-2. Nosc Equations

c W RN 2kN sin a ( I+ Cos a 1(190)

N 4S

c V RN 2kN (I +Cos a) (191)
CA - 4S 2

Cm CN KN C N (192)
c C

-y CA (193)
Cos a

CCA ZN (194)

- CA XN~. (195)CnoCos a b

All derivatives and all angles arc in radians.
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I1-D-3. Leading Idge Hquatlons

These equations are for a pair of leading edge elements.

CN (RLE LE ) kLE sin a (cosAs +cos A cos ) (196)

CA ) J cos A (c A +cos A cos a2 (197)

TMLE z LE
Cm CN ' - CA "-L'-(198)

C C

C., (4RLE LE ) k E sin 2 A cos A. (I+ Cos as)2 (199)
3SS

( 4RL , LEsinA s+ o. . -- A cos A.,+Cos as)- T sin a

(200)

Cn P("RL SIE kLsi A ctAio o a*/(-L sin A+'L cos A) (201)
3S b~~JctL~~oa)-- b

(sinl Ae)L sinA cosa cos r cosA sin8 (202)
L

sin A
(cot asR cosA cot a s A ton$ (203)

sin a
L

I' for one leading edge
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111-)-4. I.ower Surface Iquations

CN = ka (- L-) Sint a (204)

( 0 _ 0.45 cosa +4.65 o ,na cosa'ta
CA = 10,000_ _ - (aminar) (205)

s ~ V. C)0.

I )

0.048 sin (4.5a)+0.70 V Co acm a
C, = G( V ,0 0 (turbulent) (206)

Cm : CN CA  L (207)

CA (208)
Cy cos a

CA o L _ ki 9b ki  3.8 (209)

CA xL (210)

," Cos a b

where

G [ in

n(I +n ) I-m

= 0.5 laminor
0.8 turbulent

m plonform toper ratio.
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lI-1)-5. Vertical Fin Equations*

CN  = SRF FhLE
N 3S Fc (A F +a) sin A F (211)

CA 2 kF SF (X3 Costa)+ 8RFIF kLE Z(A (212)

CA 3S F + U) cos A F

_2F_ (,\- Cost -a ) 8RFJFkLE o ( A
Cm -

2 kF S (X3 cola a) 3S

x [E sinE AF + 'LE Cos AF 1 (213)
CC

Cy :- 4 kF S (Xcos a 1 (214)

CI) =-4kF - (Xc0$ ) (- (215)

Cn z 4 k F (X Cos a F+ V (216)

SF for one fin

ItF f or on* fin

*The equations are for a pair of fins.
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EI-)-.Iquations for Transfer of Moment Reference Center

AXm Az (217)

LAC18 b (218)

A~n Ys A X(219)

I11-D)-7. Transformation E~quations From Body to Wind Axes

CL =CN Cos C' -CA sin a (220)

CO z CN Sin a +CA COS a (221)
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AIPPINDIX IV

STABILITY ANALYSIS

The dynamics of a vehicle must be such that the handling qualities are within the
servo-response capabilities of the pilot. The short period modes are those of primary
concern. The dynamical equations of motion may he obtained by analyzing the moment
about the oscillating vehicle as follows:

dH

T ----- (222'

where

H r.w (223)

0 Iy 0 (principal axes I (224)

o o r,

a + 410 + k (225)

dH BH
- = + (226)

dt 8t

and where denotes differentiation of only the scalar terms. Thus, when Equations (222)
8t

through (226) are combined,

+[ + (t,-I,, * I .
[ B +' ,,=. Iz), 1 ]±

+ [ z  l y 1, - " ) )  k _ . ( 2 2 7 )

For a pure aerodynamic torque with no damping

T a (qSb) C 1i +(q S T) Cm + Sb)l -a b _. (228)

The preceding static aerodynamic moments may be linearized as follows:

C[ - C.1'0 A-8 (229)

Cm 2 Cma Aa (230)

Cn • C, 1 40 (231)
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Ilhe aerodynamic damping of vehicles at hypersonic speeds is virtually nonexistent in

that the redu,ed frequency ('-) is small. For example, a wing with a 50-foot root chord

oscillating at I cycle per second at Mach Number 20 would produce a reduced frequency
-2

of about 10 -. Negligible damping occurs for such a condition and the dynamic stability
dcrivatives may he omitted, It now remains to relate a and 0 to 0 0. and 0.

The velocity vector defined in terms of the E'uler angles for the pitch-yaw-roll
rotational sequence (0 - - o) is as follows (Reference 25):

Cos- cos 8i +(s,,n sn -cos0 sin* cosO) J

+ (cos 4) sin8 + cos sin * slnI )k. (232)

Fc" small angles of d, and o, which occur as perturbations from a steady level flight
cond it ion,

S ios 19 i + ( 4 sin 8 - , cos 6)) +sin 6 k. (233)

The angle of attack is defined as follows:

tan a - u V. k s tar 6. (234)U V* I Cos

Thus

a:G (235;

and

=9 8(236)

The angle of sideslip, 0, meas;ured in the wind reference plane is defined as follows:

v V
sin : Z=- . i -_ sin-* cot 1 (237)Ivl IvlI -

for small sideslip angles, and since 6 = ar (Equation 235).

3 sin a - 4 cos a (238)

and

3 : 4) sin a - i cos a for fixed a. (239)

The longitudinal short-period mode for a hypersonic vehicle may be obtained by
setting j and il equal to zero in Equations (227), (228), and (230) as follows:

,6 (qSCm ) A a (240)
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however. I = froIm Equation (236); therefore

(q C 0 ) a=o (241)

which is the equat ion for simple harmonic mot ion in ot with angular frequency Wo

S_ S Cs 1 ) (242)

The lateral oscillation short period mode J)utch Roll) may be obtained by setting 6

equal to zero in Equations (227), (228). (229), and (230). See Reference 26.

i' herefore,

r, ( q S b CIO ) p (243)

r2 , = ( q Sb Cnja 1 6 . (244)

Using Equations (243) and (244) to eliminate i and i from Equation (239) produces

-1a sin a - - cos a (q Sb) 613, (245)
Ix 1Z

which is the equation for simple harmonic motion in / with angular frequency W/.

(11 = sb C s i n no C ). (246)

Pilot-rated flight-simulator studies have indicated that the most desirable operating
conditions are when the short period mode of the vehicle has the following characteristics:

> 0.4
frequency, fai 0.7 1.0 cycles per second

> 0.4
damping ratio, .0.7 < 1.0

Oscillations of this type are within man's servo-response characteristics yet the
vehicle possesses satisfactory sensitivity to control Inputs (neither too sluggish nor too
sensitive). Present day aircraft attain these handling qualities either by aerodynamic
means or artificially by "adaptive control" features. Hypersoically, negligible aero-
dynamic damping occurs (C - 0 for the emergency situation of artificial augmentation
Inoperative), which necessitutes changing the handling quality criteria. Since zero damping
Implies periodic motion with conailunt amplitude, the pilot must (lamp out oscillations
by "out-of-phase" control modulation. For accomplishment of this, the oscillation must

73



ASI)-T)R -62-1102

be of a long period (1i - 10 seconds) to permit sufficient time for pilot phase control.
Therefore, wlth zero damiping, near zero frequency Is required. Trhis condition 1Is not
comfortable to fly but considered acceptable through flight simulator training.

For w (Wand w 0equal to zero, then from Equations (242) and (243)

CmC =o (247)

CnP = 0 (248)

S28 20. (249)

I ence, the preceding three conditions are the hypersonic stability constraints for
fli,'+* at maximum ./i).
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APPLNDIX V

LOW SPEI'D ANALYSIS

The low-speed flying requirements Impose several constraiuts on a hypersonic
lifting vehicle. First, the vehicle must be able to execute a satisfactory horizontal
landing and, secondly, it must possess acceptable stability. Low-speed performance
requirements are not considered important since most of the manreverability is accom-
plished at hypersonic speeds, although some low-speed maneuverability is a fall-out
from the landing constraint. The point is that the vehicle will not be designed for good
low-speed performance but must accept the amount available.

V-A. Landing

The method presently deemed most desirable for landing hypersonic aircraft is the
"aiming point" technique used in the X-15. In this method the pilot dives the vehicle at
a point on the earth's surface several thousand feet before the runway, then executes
a flare at some predetermined altitude to a shallow glide angle, and decelerates by
increasing the angle of attack until touchdown at some preselected speed. By the use
of this "Dynamic Approach" technique, vehicles of low subsonic L/D may be safely
landed. In this maneuver the highest lift coefficient is required at touchdown (Reference
27). For , = 0

1i'1 (250)(CLimax ff TO

The lift coefficient for low aspect ratio (A%) airfoils may be estimated by the theory
of Jones (Reference 28)

CL a (251)

When the last two equations are combined,

w 2 (252)

For touchdown velocities less than about 200 knots and for angles of attack less than 150,

W < 50 pounds per square foot. (253)
sR*

Hence the preceding relationship between wing loading and aspect ratio becomes the
landing constraint.
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V-1. L.ow Speed Stability

The low-speed directional siability constraint is used to determine the size of the
vertical fin. The yawing moment for two dorsal fins may be expressed as follows:

z/3 q (2 S (x, (254)

or in' coefficient form

( dCL ) S(2 F (255)

(do b

For low aspect ratio fin planform (see Equation 251).

dCL " (256)
do 2

For the center of gravity near the centroid of the planform (0.65 c) and triangular
type fin planforms

Z - 2 (0. 35 (257)XF = 3

Also for delta planforms

c = . ton A (258)
b 2

and

At F. 2 cot AF. (259)

Thus by substitution of Equations (256) through (259) into Equation (255)

C . 7v = S' ) tonA (260)

For clipped deltas of taper ratio, m,

SF mR cot AF

S 2(1- rn) colA

Therefore Equation (260) becomes

1.4 (I-m SF (262)c"B = 3 M-r '  "

Perkins and Hage (Reference 29) present a formula for the desirable quantity of Cno
for satisfactory handling characteristics.

(c./ )d.side 0.0005 (- )2 5.3,a.6
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When the last two equaliont4 are combined, the required fin area may be ascertained

I ISF = .14 M2 :n1
2 (W )2(24

For m =0.3 (Section 3-C) andi---W 50 (Equation 253).

SF =01-(265)

Thus, the fin area requirement becomes the low speed stability constraint.
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